Background: Vitamin D-binding protein (DBP) gene is well known for its function on glucose and vitamin D metabolism in human populations. Previous studies suggested that the in vivo DBP level may play a role in the etiology of obesity. However, few studies explored the contribution of DBP gene to the variance of obesity phenotypes. Objective: To investigate the relationship of DBP polymorphisms and obesity in Caucasian nuclear families. Design: We genotyped 14 single-nucleotide polymorphisms (SNPs) located in and around the DBP gene in 1873 Caucasian subjects from 405 nuclear families. Three obesity-related quantitative phenotypes were investigated, including body mass index (BMI), fat mass and percentage of fat mass (PFM). Single SNPs and haplotypes (three blocks) were tested by family-based association using the FBAT software. Results: SNP2 (rs17467825) and its corresponding haplotype GAA (frequency 0.270) in block1 showed strongest associations with PFM (P ¼ 0.0011 and 0.0023, respectively). In multivariate test significant association was also observed for SNP2 with fat_mass&BMI&PFM (P ¼ 0.0098). Subsequent sex-stratified analyses demonstrated nominal association for SNP2 and haplotype GAA with PFM in the female subgroup. Conclusion: Polymorphisms of DBP gene were significantly association with human PFM, especially in female, suggesting the importance of DBP gene in the pathogenesis of human obesity.
Introduction
Obesity is a multifactorial disorder associated with the increased risk of complex diseases such as type 2 diabetes (T2D), hypertension and coronary heart disease. 1, 2 In the past two decades, the prevalence of obesity has increased dramatically in both developing and developed countries, 3, 4 thus rendering obesity the sixth most important risk factor contributing to the overall burden of human disease worldwide. Family, twin and adoptee studies demonstrated that genetic factors significantly contribute to the etiology of obesity, with heritability ranging from 0.3 to 0.8. [5] [6] [7] However, the inheritance pattern of obesity is so complex that more than 100 candidate genes each with small to modest effects may be involved in its etiology. 8 Vitamin D-binding protein (DBP), also known as groupspecific component (GC), is composed of 13 exons and 12 introns and located in chromosome 4q12-q13. 9 DBP was implicated in many important biological functions, such as transport and storage of vitamin D, bone development, and modulation of immune and inflammatory responses. 10, 11 It was already known that the alterations in the vitamin D endocrine system were associated with obesity. 12, 13 The levels of serum 1,25-dihydroxyvitamin D (1,25(OH) 2 D) were elevated, whereas 25-hydroxyvitamin D (25(OH)D) levels were reduced in morbidly obese patients. 12, 14, 15 In addition, the levels of serum vitamin D metabolites inversely correlate with fat mass 12, 16 and body mass index (BMI). 16 Therefore, DBP, playing an important role in the vitamin D endocrine system by binding with 25(OH)D and 1,25(OH) 2 D and regulating their in vivo levels and functions, 17, 18 may also influence the obesity susceptibility in the human populations. DBP was also recognized as one factor associated with insulin resistance that leads to the increased risk of obesity. Pratley et al. 19 found that the 4p15-q12 region containing the DBP gene was linked to plasma glucose and insulin concentrations in nondiabetic Pima Indians. In the Caucasian and Japanese populations, the polymorphisms of DBP were found to be associated with the fasting insulin level, an index of insulin resistance. 20, 21 Moreover, correlations between the in vivo DBP concentrations with BMI and fat mass were also observed. 18 However, the direct genetic studies on the relationship between DBP gene and obesity is still lacking to date. The aim of this study is to investigate whether the DBP gene is associated with obesity phenotypes by studying a set of highdensity single nucleotide polymorphisms (SNPs) of DBP in a relatively large sample of Caucasian nuclear families.
Materials and methods

Subjects
The study was approved by the Creighton University Institutional Review Board. The study subjects came from an expanding database created for ongoing studies in the Osteoporosis Research Center (ORC) of Creighton University to search for genes underlying common complex diseases/ traits in humans, including osteoporosis, obesity and height, etc. Signed informed consent documents were obtained from all study participants before they entered the study. The study design and exclusion criteria were published before. 22 The exclusion criteria may be useful to minimize the influence of environment factors on obesity phenotypes. A total of 405 nuclear families (family sizes ranging from 3 to 12, and the average was 4.62) with 1873 individuals ranging in age from 19 to 88 were analyzed in this study, including 740 parents, 389 male children and 744 female children. All of the participants were US Caucasians of European origin.
Genotyping
Genomic DNA was extracted from whole blood using a commercial isolation kit (Gentra Systems, Minneapolis, MN, USA) following the procedure detailed in the kit. DNA concentration was assessed by a DU530 UV/VIS Spectrophotometer (Beckman Coulter, Inc., Fullerton, CA, USA).
A total of 17 SNPs in and around DBP were selected on the basis of the following criteria: (1) validation status (validated experimentally in human populations), especially in Caucasians, (2) an average density of one SNP per 3 kb, (3) degree of heterozygosity, that is, minor allele frequencies (MAFs) 40.05, (4) functional relevance and importance, (5) reported to dbSNP by various sources. Fourteen SNPs were successfully genotyped using the high-throughput BeadArray SNP genotyping technology of Illumina Inc. (San Diego, CA, USA). The average rate of missing genotype data was B0.05%. The average genotyping error rate estimated through blind sample duplication was o0.01%. The 14 SNPs successfully genotyped in this study were spaced B4 kb apart on average and covered the full length (including up-and down-stream potential regulatory regions) of the DBP gene ( Figure 1 ).
Phenotype measurement
Weight was measured in light indoor clothing, using a calibrated balance beam scale, and height was measured using a calibrated stadiometer. BMI was calculated as body weight (in kilograms) divided by the square of height (in meters). Fat mass was measured by dual-energy X-ray absorptiometry (DXA). Percentage of fat mass (PFM) was calculated as the ratio of fat mass to body weight. The measurement precisions of weight, height and fat mass, as reflected by the coefficient of variation (CV) were 1.2, 0.9 and 2.2%, respectively. The phenotypes were significantly correlated, with the phenotypic correlations being 0.879 between fat mass and BMI, 0.815 between fat mass and PFM, and 0.530 between BMI and PFM, respectively.
Statistical analyses
We used PedCheck 23 to check Mendelian consistency of SNP genotype data and removed any inconsistent genotypes. Then the error checking option embedded in Merlin 24 was run to identify and discard the genotypes flanking excessive recombinants, thus further reducing genotyping errors. Hardy-Weinberg equilibrium (HWE) for each SNP was tested using the PEDSTATS procedure implemented in Merlin. The absolute D 0 and r 2 values for SNPs were calculated and used to measure the extent of pairwise linkage disequilibrium (LD), and LD block structure was examined by the program Haploview V3.2 (http://www.broad.mit.edu/mpg/ haploview/). 25 A block is identified when at least 95% of SNP pairs in a region meet these criteria for strong LD. The algorithm of integer linear programming (ILP) implemented in PedPhase V2.0 (http://www.cs.ucr.edu/~jili/haplotyping.html) and based on LD assumption were used to recover phase information at each marker locus with great speed and accuracy even in the presence of 20% missing data. 26 FBAT statistic implemented in the software package FBAT V1.55 27 was used to perform the family-based association tests for single SNPs with three quantitative obesity-related traits. The allelic association examines the transmissions of the interested markers from parents to the affected offspring.
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We applied the additive genetic model as it turns out to perform well even when the true genetic model is not the additive one. The null hypothesis here is 'no linkage and no association between the marker and any obesity susceptibility locus'. The multivariate FBAT test based on the generalized estimating equation (GEE) approach were conducted to reduce the power loss associated with multiple testing approaches, 28 it allows to test the null hypothesis that the marker locus is not linked to any genetic locus that has an influence on the selected phenotypes.
We performed HBAT to test the haplotype association. 29 Similar to FBAT, HBAT provides a test in the family-based design, which is robust to population admixture, phenotype distribution misspecification and ascertainment bias. Empirical global P-values were obtained using 10 000 permutation procedure implemented in HBAT. With three phenotypes and the assumption that the three blocks represent independent information, for reaching the experiment-wide significance level of a ¼ 0.05, the approximate corrections were calculated as follows: for univariate testing in the entire sample, the single test threshold was a ¼ 0.05/ (3*3) ¼ 0.0056; for multivariate testing in the entire sample, the single test threshold was a ¼ 0.05/3 ¼ 0.013. In addition, we performed family-based association analyses in sexstratified manner. To account for multiple testing issues, the single test threshold in the male or female subgroups was a ¼ 0.05/(3*3*2) ¼ 0.0028. QTDT program (http://www.sph.umich.edu/csg/abecasis/ QTDT/) was used to estimate the genetic contribution of SNPs and haplotypes of DBP gene to obesity phenotypes.
Approximate phenotypic variance explained by the significant or suggestive marker was computed as 2p(1Àp)a 2 , where p is the frequency of the studied allele or haplotype and a is the estimate of additive effects. Regression residuals representing age-and sex-adjusted fat mass, BMI and PFM values were used in all the FBAT analyses in this study. All of the residual data were tested for normality by the Kolmogorov-Smirnov test implemented in the software Minitab (Minitab Inc., State College, PA, USA) before the association tests. No significant deviation from the normal distribution was found for the residual phenotypic data analyzed. Before sex-stratified association analyses, we pursued the interaction analyses between SNPs and gender on phenotypic variation. Significant interactions were observed between each SNP and gender for three obesity-related traits.
Results
The phenotypic characteristics of the study subjects stratified by sex are presented in Table 1 . There were significant differences between men and women in terms of the mean values of the phenotypes such as BMI, fat mass and PFM (Po0.001 by t-test). On average, men had larger BMI values than women, whereas women had larger fat mass and PFM values than men. Table 2 shows the map locations and marker characteristics for the 14 genotyped SNPs in and around DBP. SNP8 Table 2 were excluded).
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and SNP10 with MAFs o0.05 were abandoned for subsequent analyses due to the lack of statistical power caused by low MAFs. The rare-allele frequencies for the other analyzed SNPs ranged from 5 to 44%. No significant deviation from HWE was found for any analyzed SNP. We identified three blocks with high LD (Figure 1 ). Block1 extended from 3 0 UTR to intron6 and included SNPs 1-7. Block2 mainly covered intron1 and included SNPs 9, 11 and 12. Block3 spanned the promoter region and consisted of SNP13 and SNP14. Five tag SNPs were selected by Haploview program, including SNPs 1, 3, 6, 9 and 13. Block1 was represented by SNPs 1, 3 and 6, whereas block2 and block3 were represented by SNP9 and SNP13, respectively. The haplotype structure, diversity and tag SNP are shown in Figure 2 .
Significant association results are summarized in Table 3 . Among the 12 SNPs, the most significant associations with PFM were observed for SNP2 (rs17467825) in block1 (P ¼ 0.0011), as well as for the corresponding haplotype GAA (frequency ¼ 0.270) containing SNP2 (P ¼ 0.0023). In addition, significant association trends for SNP2 and haplotype GAA regarding other obesity phenotypes like fat mass and BMI were also detected (P ¼ 0.0061, 0.0477, 0.0102, 0.0640, respectively). Interestingly, we found SNP2 was associated with fat mass, BMI and PFM simultaneously (P ¼ 0.0098) in the multivariate analyses. For SNP1 (rs1491711) and SNP3 (rs705117), suggestive associations were observed with PFM and fat mass, respectively. However, after correcting for multiple testing, only SNP2 (rs17467825) and its corresponding haplotype GAA met the experimentwide significance criterion for PFM, and SNP2 also reached the experiment-wide significant level for fat_mass&B-MI&PFM in the multivariate association test. Moreover, SNP2 and haplotype GAA were found to explain 1.42 and 1.19% of PFM variance by QTDT program.
In further sex-stratified analyses, SNP2 was also associated with PFM in the female subgroup. Consistent with entire Table 2 were excluded).
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H Jiang et al sample, we found the nominally significant association for SNP2 with fat_mass&BMI&PFM (P ¼ 0.0457), and for haplotype GAA with fat mass and PFM in female subjects (P ¼ 0.0195 and 0.0084), whereas the signals were insignificant in male subjects. However, after accounting for multiple testing, the above results were only borderline significant.
Discussion
We investigated the relationship between common variants of the DBP gene with obesity-related phenotypes, including fat mass, BMI and PFM, in Caucasian nuclear families. Compared with the previous population-based association studies on DBP gene, 18,21 the family-based association design is robust to false-positive/negative errors owing to the potential population stratification. 30 Various phenotypes were assessed in this study. BMI is a widely used measure of obesity, owing to its measurement convenience and low cost. However, BMI may not distinguish fat mass from lean mass in some circumstances and thus limited in its utility in terms of adequately and accurately reflecting the obesity status. 31 For example, athletes often have a BMI425 kg/m 2 , along with only 10-15% body fat. 31 Therefore, in addition to BMI, we also used fat mass and PFM as quantitative phenotypes to better understand the relationship of DBP gene and obesity.
In this study, we detected the experiment-wide significant associations for SNP2 and its haplotype GAA with PFM, as well as nominal significant associations with fat mass and BMI. Considering the high correlations among the three obesity-related phenotypes, we also performed the multivariate tests and confirmed the associations between SNP2 and obesity. Our data thus strongly supported that DBP could be important to PFM, an important obesity phenotype. However, the exact biological mechanism of how the detected significant DBP polymorphism influence the obesity phenotypes was unknown, although we hypothesize that SNP2 or its highly correlated polymorphisms may influence the mRNA stability of DBP, as SNP2 is located in the 3 0 UTR that usually determines the in vivo mRNA decay rate of a gene. 32 Furthermore, the significant associations with obesity were found to be female-specific in our sample as suggested by the sex-stratified analyses. This is not unexpected given the previous example such as the sex-specific genetic association between the estrogen receptor alpha (ESR1) gene and the variation of body fat in female subjects. 33 Moreover, it was proved that women were distinctly different to men with the actions of insulin and the susceptibility to develop insulin resistance which was correlated with obesity. 34 However, owing to the limited sample size of the male subgroup, whether the genetic effects of SNP2 and its specific haplotype on obesity are indeed only present in female subjects need further substantiation.
In conclusion, on the basis of a large sample of Caucasian nuclear families and the robust statistical approaches, our study provides certain important evidence that the polymorphisms of the DBP gene are significantly associated with the variation of obesity phenotypes in the Caucasian population, especially in Caucasian females. The present work furnished some clues for further molecular studies aimed at identifying the hidden mechanisms of how the DBP gene may influence the obesity status in humans. 
